Introduction
Untreated growth hormone deficiency (GHD) in adult hypopituitary patients is characterized by decreased lean body mass and increased fat mass, predominantly in the visceral compartment [1] [2] [3] . Replacement therapy with recombinant growth hormone (GH) reverses these changes in body composition [3] [4] [5] .
In the general population increased visceral fat mass is associated with insulin resistance and the 'metabolic syndrome' [6] . Non-alcoholic fatty liver disease (NAFLD) is defined as excessive fat in the liver in the absence of other conditions resulting in hepatic steatosis. NAFLD represents a spectrum of disease, ranging from simple steatosis to advanced disease, i.e. steatohepatitis, fibrosis and cirrhosis. In recent years insulin resistance has been widely regarded as the key mechanism in the pathogenesis of hepatic steatosis, and NAFLD has been considered to represent the hepatic component of the metabolic syndrome [7] [8] [9] . While liver biopsy is the gold standard for diagnosing NAFLD, the extent of hepatic steatosis can be accurately quantified by proton magnetic resonance spectroscopy ( 1 H MRS) [10] .
In view of the existing association between visceral fat mass, insulin resistance and NAFLD [9] it might be expected, that patients with GHD, in whom increased visceral fat mass is a well-known feature, would also show elevated liver fat, and that GH replacement would alleviate this.
Cross-sectional data were in accord with this hypothesis [11] [12] [13] . Moreover, several case reports of hypopituitary patients report a reduction in liver fat content following GH replacement [14] [15] [16] . However, two intervention studies have reported conflicting results. A Japanese study [17] found an increased prevalence of NAFLD (diagnosed by ultrasonography) in hypopituitary GHD patients compared to matched controls, and GH replacement resulted in a significant decrease in liver enzyme levels and in an improved histological score for steatosis. The UK study by Gardner et al. [18] used 1 H MRS to quantify hepatic steatosis in 28 hypopituitary patients with GHD and in 24 matched controls with comparable age, BMI, gender distribution and waist circumference. In this study intrahepatocellular lipid (IHCL) content and the prevalence of NAFLD did not differ between the two groups and, in 12 GHD patients, GH replacement over 6 months did not change liver fat content.
Uncertainties over the effects of GH replacement on liver fat in GHD patients may stem from contrasting effects of GH on insulin resistance. Immediately, GH would be expected to increase insulin resistance [19, 20] , which could increase liver fat. But, in the longer term, GH-induced reductions in visceral fat would be expected to counter any GH-induced increase in insulin resistance and reduce liver fat.
In the present study, we have tested two hypotheses: 1) liver fat (measured by 1 H MRS) is increased in hypopituitary patients with GHD compared to age, BMI, gender and ethnicity-matched controls, and 2) the net effect of GH replacement in GHD patients over 6 months will be to reduce visceral and liver fat with little net effect on insulin resistance.
Materials and Methods

Patients and study design
Adult hypopituitary patients with untreated GHD were identified and recruited at the endocrine clinics of Imperial College Healthcare NHS Trust. Written informed consent was obtained from all subjects before participation and the study was approved by the NHS Research Ethics Committee of St Mary's Hospital (REC Ref Nr 07/H0712/171). The study was run in accordance with the declaration of Helsinki.
Inclusion criteria were age 20-70 years, pituitary disease with history suggestive for GHD ≥12 months, unaltered replacement therapies for other hormone axes for at least 6 months. GHD had to be confirmed by performance of a stimulation test within 6 months before the study assessment. Growth hormone response was considered subnormal if <13.26mU/L (insulin-induced hypoglycemia) or <7.8mU/L (glucagon stimulation test). Exclusion criteria included alcohol consumption >30g per day in men and >20g per day in women, known hepatic disease or new diagnosis of hepatic disease at screening (all patients were screened for hepatitis B and C), GH replacement within the previous 12 months, acromegaly, Cushing's disease if not cured for at least 12 months, known diabetes mellitus, cardiac pacemaker or other contraindication to MR studies.
Between April 2008 and April 2009, we identified 26 potential recruits of whom 22 completed a full baseline assessment consisting of anthropometric measurements, biochemistry, metabolic parameters, 1 H MRS and MRI body composition measurements. All assessments were undertaken after an overnight fast. Four patients dropped out before full baseline assessment was completed, mainly as a result of claustrophobia or social commitments (Figure 1 ).
1) Cross-sectional comparison
Anthropometric measurements, 1 H MRS and MRI body composition measurements in the 22 GHD patients were compared to those of 44 age, height, weight, gender and ethnicity-matched healthy controls derived from an existing control database generated as part of an on-going study designed to look at phenotypes of adipose tissue distribution within the general population by the Robert Steiner MRI Unit, Hammersmith Campus, Imperial College London [21] . In the control subjects no data were available for biochemistry or metabolic parameters.
2) Intervention study -effects of growth hormone replacement
From the 22 GHD patients in whom baseline assessment was completed, 12 patients were started on GH replacement within 4 weeks of the baseline assessment. The initial dose of recombinant GH was 0.2-0.3 mg/day, titrated at monthly intervals to achieve an IGF1 level within the normal range. 9 patients were reassessed after 6 months of replacement therapy (GH Rx). The remaining 10 GHD patients recruited opted not to go on GH replacement after baseline assessment, primarily because they were not willing to perform daily injections. Nevertheless, 9 completed six months of follow-up and were re-assessed after 6 months as controls (non-GH Rx). All patients were advised to maintain the same diet and level of exercise during the study period and none took exercise on the morning of their MRS scan. Dropouts were mainly due to claustrophobia or social commitments (Figure 1 ).
Biochemical methods
Measurements for liver function tests, glucose, HbA1c, insulin, lipids and pituitary hormone levels were undertaken using routine laboratory methods. IGF-1 was measured by the UK Supra-regional Assay Service by laboratories complying with a national quality control scheme.
MR methods
Intrahepatocellular lipid (IHCL), and intramyocellularlipid content (IMCL) as well as total and regional adipose tissue content were measured by 1 H MRS and MRI respectively on an Intera 1.5T Achieva multinuclear system (Philips Medical Systems, Best, The Netherlands).
Transverse images of the liver were used to ensure accurate positioning of the (20 × 20 × 20 mm) voxel in the liver, avoiding blood vessels, the gall bladder, and fatty tissue. Spectra were obtained from the right lobe of the liver using a PRESS sequence (repetition time 1,500 ms, echo time 135 ms) without water saturation and with 128 signal averages. Liver lipid levels were expressed as percentage ratio of the CH 2 lipid peak area relative to the peak area of the water resonance, after correcting for T1 and T2. We used a photographic record of the liver with the voxel position at baseline to ensure reproducibility of the voxel at follow-up. IMCL was measured in the soleus (S-IMCL) and tibialis (T-IMCL) muscles by 1 H MRS. Proton MR spectra were acquired from 20 × 20 × 20 mm voxels localized to the soleus and tibialis muscles of the left calf using a PRESS sequence (repetition time 1,500 ms, echo time 135 ms). IMCL were subsequently measured, relative to total muscle creatine signal, as previously described [22] .
Body composition was assessed by rapid T1-weighted magnetic resonance images (repetition time, 500 msec; echo time, 17.5 msec) as previously described [23] . Subjects lay in a prone position with arms straight above the head, and were scanned from fingertips to toes, acquiring 10-mm thick transverse images with 10-mm thick gaps between slices throughout the body. Imaging data were analyzed using the SliceOmatic image analysis program (Tomovision, Montreal, Quebec, Canada).
Measurements were performed for total adipose tissue, subcutaneous abdominal fat, subcutaneous peripheral fat and visceral fat according to standard procedures [24] . Fat compartments were assessed for volume (liters), converted to mass (kilograms), and expressed as percentage of total body weight. Fat free mass was calculated by difference and expressed as percentage of total body weight.
Statistics
Data were analysed with SPSS 18.0 or STATA 8.0. Normality was assessed by Kolmogorov-Smirnov and Shapiro-Wilk tests. Normally distributed data are presented as mean and standard deviation and nonnormally distributed data as median and inter-quartile range.
Significant differences between GH treated (GH Rx) and untreated (non-GH Rx) groups at baseline and between the changes observed in the groups over 6 months were tested by between-group t-test for normally distributed variables or Mann-Whitney U test for non-normally distributed variables. Significant withingroup changes were tested by paired t-test for normally distributed variables or Wilcoxon sign rank matched pairs test for non-normally distributed variables. Pearson correlations were performed to confirm the expected associations that provided the background for our hypotheses: in GHD and control groups separately, increased total or visceral fat with increasing IHCL; and in the GHD subgroup with insulin resistance measured, increased total fat, visceral fat or IHCL with increasing insulin resistance. A significance level of p<0.05 was adopted with no correction for multiple testing since tests were generally exploratory and choice of measures was strongly weighted by existing evidence, thus rendering the universal null hypothesis inapplicable [25] .
Results
Clinical characteristics of the GHD patients are described in Table 1 . They were predominantly female (18/22; 82%) and Caucasian (16/22; 73%). Age ranged from 39-69 years. The causes of GHD were multiple; hormone secretion in previously functioning tumors had been well controlled for at least 12 months. Pituitary hormone deficiencies ranged from single axis to pan-hypopituitarism. Ten patients were on hydrocortisone replacement; five patients on 20mg/day, 3 patients on 15mg/day, and 2 patients on 10mg/day.
1) Cross-sectional comparison
The 22 GHD patients and the 44 controls (2 controls matched to each GHD patient) were closely matched for age, weight, height, BMI and ethnicity (Table 2) . Waist/hip ratio tended to be higher in the GHD patient group. IHCL was similar in the two groups (1.14% vs. 1.89%; p=0.2). Using IHCL of ≥ 5.56% as the cut-off [26] , 5 out of the 22 cases (i.e. 22.7%) and 7 out of 44 controls (i.e. 15.9%) had NAFLD (chi square probability = 0.4). T-IMCL was similar in the two groups, but S-IMCL was significantly elevated in the GHD patients compared to the controls (15.8 mmol/kg dry weight vs. 10.5 mmol/kg dry weight; p=0.002).
There were statistically significant differences between the two cohorts in % total adipose tissue and % visceral adipose tissue. There were no significant differences in the other parameters assessed.
Correlation coefficients and significances in cases versus controls were, respectively: total fat with IHCL, 
2) Intervention study
Baseline and 6 month measurements for the 9 GHD patients starting GH replacement (GH Rx) were compared with those of the 9 GHD patients without GH replacement (non-GH Rx).
Baseline differences between GH Rx and non-GH Rx groups
The two groups were comparable in terms of age (GH Rx: 53.3 ± 8.3 years, non-GH Rx: 52.0 ± 9.3 years; p=0.76) gender (7 female and 2 male patients in each group) and ethnicity (7 white Caucasians and 2 Asian Indian subjects in the GH Rx group, 7 white Caucasians, 1 Asian Indian and 1 black subject in the non-GH Rx group). At baseline, liver function tests (ALT, AST and GGT) were within normal reference ranges in all subjects; 2 patients in the GH Rx group and 3 in the non-GH Rx group had NAFLD by definition (IHCL ≥ 5.56%) [26] . There were no significant baseline differences between the two groups in anthropometry, liver function tests, metabolic parameters or 1 H MRS or MRI body composition measurements (Tables 3 and 4) .
Anthropometry
There were no between-group differences in change in weight, BMI and waist hip ratio over the 6 months.
Intra-group changes were restricted to a significant reduction in waist hip ratio over time in the GH Rx group (Table 3) .
Liver function tests and metabolic parameters
There were no between-group differences in change in liver function tests and metabolic parameters over the 6 months. Intra-group changes in the GH Rx group included a reduction in Matsuda-IS (-15.0 ± 13.1; p=0.02), and increases in HbA1c (+0.17 ± 0.21%; p=0.04), and HDL cholesterol (+0.10 ± 0.10 mmol/L; p=0.03) ( Table 3) . No changes were observed within the non-GH Rx group.
H MR Spectroscopy, intrahepatocellular and intramyocellular lipid content
The change in IHCL and S-IMCL over 6 months did not differ between the two groups (Table 4, Figure 2) ; however, the change in T-IMCL between the two groups did (GH Rx: -2.98 ± 5.23%, non-GH Rx: +1.27 ± 2.20%; p=0.03) (Table 4, Figure 2 ). There were no significant intra-group changes in IHCL, SIMCL or TIMCL over 6 months. Nevertheless, in the GH Rx group, a significant correlation was noted between changes in IHCL and IHCL at baseline (rho=-0.73, p=0.02), which could not be observed in the non-GH Rx Group (rho=0.33, p=0.3).
MRI body composition measurements
A significant between-group difference was apparent for change of % subcutaneous abdominal adipose tissue (GH Rx: -0.76 ± 0.71%, non-GH Rx: -0.08 ± 0.48%; p=0.02) (Table 4, Figure 2 ) and, at borderline significance (p<0.1), for % total adipose tissue and % subcutaneous peripheral adipose tissue with, for each variable, a greater reduction in the GH Rx group. In contrast, also at borderline significance, a greater increase in % fat-free mass was apparent in the GH Rx group (+2.55 ± 3.60% vs. -0.10 ± 2.58 %; p=0.09).
There was no significant difference between the groups in the change of visceral adipose tissue.
Intra-group changes in the GH Rx group included reductions in all adipose tissue measurements and an increase in fat-free mass over 6 months (Table 4) . This was not observed in the non-GH Rx group.
Pituitary hormone levels
Baseline IGF-1 values were comparable in the two groups. In the GH Rx group serum IGF-1 values were at 11.9 ± 6.4 nmol/L at baseline and they increased by 13.4 ± 5.7 nmol/L after 6 months (p<0.001, for betweengroup and intra-group change). In the non-GH Rx group IGF-1 levels did not change (Table 3) . Additionally, baseline serum levels of TSH (GH Rx 0.9 ± 0.8 mU/l, non-GH Rx 1.2 ± 0.9 mU/l, p=0.4) and fT4 (16.9 ± 4.3 pmol/l vs. 14.7 ± 2.5 pmol/l; p=0.2) were comparable between the two groups. Baseline prolactin levels were significantly higher in the non-GH Rx group (268 ± 157 mU/l vs. 118 ± 96 mU/l, p=0.03). There were no significant between-group or intra-group changes in TSH, fT4 or prolactin over 6 months. Importantly, in all patients there were no changes in established hormone replacement therapies (other than GH) during the study period.
Discussion
Our first hypothesis that liver fat would be increased in hypopituitary patients with GHD compared to matched controls proved not to be the case; liver fat content and the prevalence of NAFLD assessed by 1 H MRS were similar in hypopituitary patients with GHD and healthy control subjects. Nevertheless, GHD patients did show increased total and visceral fat mass (as a percentage of total body mass) compared to matched controls, confirming previous data [1] [2] [3] . Our second hypothesis was that the net effect of GH replacement in GHD patients would be to reduce visceral and liver fat with little net effect on insulin resistance. In accord with our hypothesis, visceral fat fell more in the GH-treated than the untreated group and IHCL also fell but increased in the untreated group; moreover the change in two indices of insulin resistance showed no difference between treated and untreated groups. However, the differences in the changes in visceral and liver fat did not reach statistical significance. GH replacement increased IGF-1 levels into accepted therapeutic values, and was associated with an increase in fat-free mass and a reduction in fat mass. These findings are compatible with well-known effects of GH replacement therapy [3] [4] [5] and suggest that our observation period was adequate to observe potential changes in liver fat.
Data on GHD and liver fat content are conflicting. Our results are consistent with those from a previous UK study by Gardner et al. [18] but are contrary to those from the Japanese study by Nishizawa et al. [17] . In the UK study 12 GHD patients underwent GH replacement therapy over 6 months with no effect on liver fat but significant reductions in both visceral and subcutaneous fat mass. As in our study, liver fat content was precisely quantified using 1 H MRS. In contrast, the Japanese study employed the semi-quantitative technique of ultrasonography [17] and demonstrated a significantly elevated prevalence of NAFLD in 66 hypopituitary patients with GHD compared to 83 healthy age-, gender-, and BMI-matched controls (77% vs. 12%, p<0.001). In the Japanese study no imaging of the liver was performed after initiation of GH replacement.
However, GH replacement therapy in 19 patients for 6 months resulted in a significant reduction of serum liver enzyme concentrations, parameters that remained unchanged in our study and the previous UK study.
Moreover, in the 5 of the GHD patients who had histologically confirmed NASH, GH replacement for 6-12 months significantly improved histological steatosis and fibrosis scores.
The GHD patients in our study were generally similar to those in the previous UK study [18] , although our cohort displayed a higher percentage of female participants (82% vs. 29%) and a lower prevalence of NAFLD (23% in GHD patients, 16% in controls vs. 32% in GHD patients, 50% in controls), the latter probably reflecting the lower propensity of females towards NAFLD compared to males. It should be noted, however, that in our cohort males did not show significantly higher liver fat compared to females, even after adjusting for BMI and age, nor did the change in liver fat differ between men and women. In the Japanese study, gender distribution was equal, patients were on average 4 years younger, and BMI was 3-4 points lower than in our study, the mean IGF-1 level was comparable to the levels in our study. This and the fact that virtually all cross-sectional data and case reports suggesting an association between GHD and NAFLD originate from Japan [12, 15, 16] , China [14] and Korea [11] raises the question whether the effects of GHD on liver fat may vary according to ethnicity.
Other factors that might have contributed to our failure to detect a statistically significant reduction in liver fat under GH replacement include the relatively low numbers studied, the low prevalence of NAFLD in the study groups plus a possible underlying confounding influence of the negative effect of GH on insulin sensitivity (see below).
As mentioned, the absent effect of GH replacement on liver fat in our study and in the previous UK study might be due to the low baseline liver fat content (medians 2.13% and 2.8%, respectively) and the relatively few patients with NAFLD (2/9 and 4/12, respectively), which is in contrast to the high prevalence of NAFLD (77%) in the Japanese study. Despite small numbers, patients in our study who had higher baseline liver fat content did indeed show a more pronounced decrease in liver fat following GH replacement, an effect that was not present in our non-GH Rx group and, though weaker, a similar relationship was apparent in the previous UK study. Therefore, it is possible that GH replacement might only reduce liver fat content in the subgroup of GHD patients with NAFLD. Moreover, we know from lifestyle studies in the general population that changes in liver fat are directly proportional to the starting level of liver fat [27] .
Increased fat accumulation, particularly in the visceral compartment is a well-documented feature of GHD in adults [1] [2] [3] and this has been confirmed in our study. In the general population increased visceral fat mass is associated with the metabolic syndrome, and both are associated with NAFLD. It is therefore unexpected that in our study, liver fat content was not increased, suggesting that the relationship between visceral and liver fat may be different in GHD. In support of this, correlations between IHCL and MRI regional fat measures in our cross-sectional comparison were generally stronger in the control group than among the cases and this was also reported in the previous UK study [18] . A further unexpected finding, given the lipolytic effects of GH, was the lack of effect on free fatty acid (FFA) and triglyceride concentrations in response to GH replacement. There is evidence for an increase in fasting FFA concentrations in response to GH [28] , and for increased fasting triglycerides [29, 30] . However, diurnal FFA concentrations may not be increased [28] and increases in triglycerides do not appear to persist long-term [29, 31] . Inconsistencies, both in the relationships between visceral and liver fat and in effects on lipid levels in response to GH treatment may stem from a biphasic effect of GH on insulin resistance with deterioration within the first months of treatment, then an improvement in the long-term. Hence, changes in visceral fat mass and insulin resistance might not evolve in parallel during the first months of GH replacement therapy and effects on lipids may vary with time.
An effect of GH replacement was, nevertheless, apparent in our observation of a statistically significant increase in HDL cholesterol and HbA1c levels, and a significant decrease in the Matsuda insulin sensitivity index (intra-group changes only), findings that are compatible with some but not all previous studies [19, 20, 32] .
The previous UK study found no difference in intramyocellular lipid content between GHD patients and controls, nor did GH replacement affect it [18] . By contrast, we observed significantly higher soleus muscle (a representative oxidative muscle) lipid content in GHD patients compared with matched controls and GH replacement reduced anterior tibialis muscle (a glycolytic muscle) lipid content. Muscle lipid content is responsive to diet and acutely responsive to exercise [33, 34] and, although patients attended after an overnight fast and received general instructions regarding maintenance of constant dietary and exercise habits during the trial, details of lifestyle were not recorded. Given the lack of a precedent for these observations, the small numbers studied and the large number of variables considered in our study these may be chance findings. Dedicated studies of muscle lipid response to GH treatment will be needed to resolve these issues, although current evidence suggests that IMCL has less influence on insulin resistance than previously supposed [35] .
In our study replacement therapy of other pituitary hormones remained stable over the study period making hormonal factors influencing liver fat -other than GH -very unlikely. Although this has not been extensively studied, any degree of over-replacement with glucocorticoids might induce hepatic steatosis. Our patients were on a maximum daily replacement of 20mg hydrocortisone, which is similar to the cortisol secretion rate in healthy subjects [36] . In the study by Niwhizawa et al. over-replacement is unlikely as the average dose of cortisol replacement in the patients with NAFLD was 0.19 ± 0.14 mg/kg BW. Nevertheless, given that body fat measures were the primary outcome variables in this study, specific instructions regarding taking hormone replacement on the morning of their measurements were not given to patients.
Some variability in biochemical measurements may, therefore, have resulted from variation in, for example, timing of hydrocortisone use.
The most important limitation of our study is the relatively small number of subjects, particularly in the intervention study. Furthermore, as we did not perform liver biopsies, we cannot draw conclusions about the effect of GH replacement on inflammation or fibrosis. Nevertheless, we used a very precise method to assess for hepatic steatosis, included a well-matched control group in our cross-sectional comparison, and performed a controlled intervention with GH replacement.
In conclusion, we have demonstrated that hepatic steatosis is not increased in hypopituitary adults with GHD compared to healthy controls. Furthermore GH replacement therapy did not alter liver fat content in these patients. Reasons for the discrepancy between data from the UK and data from Asian origin regarding this issue might be elucidated by further studies. rGH, recombinant growth hormone, indicated as +/-if patients started GH replacement after baseline assessment.
DO, patient dropped out during the intervention study, i.e. did not undergo re-assessment after 6 months. * waist hip ratio was recorded in 32 controls. Table 3 Growth hormone replacement trial: Anthropometry, biochemistry and metabolic parameters in 9 growth hormone deficient (GHD) patients were studied prior to and after 6 months taking GH. Changes were compared with those in 9 GHD patients, also studied at baseline and after 6 months, but receiving no GH replacement. and untreated groups at baseline and between the changes observed in the groups over 6 months were tested by between-group t-test for normally distributed variables or Mann-Whitney U test for non-normally distributed variables. Significant within-group changes were tested by paired t-test for normally distributed variables or Wilcoxon sign rank matched pairs test for non-normally distributed variables. No significant differences between the groups at baseline were observed. Significant within-group changes at p<0.1 are shown as actual value superscripts in the 'change after 6 months' column. Table 4 Growth hormone replacement trial: In vivo 1 H MR spectroscopy and full MRI body composition measurements (percent fat masses are expressed relative to total body weight) in 9 growth hormone deficient (GHD) patients were studied prior to and after 6 months taking GH. Changes were compared with those in 9 GHD patients, also studied at baseline and after 6 months, but receiving no GH replacement. Mean (SD) for normally distributed variables or median (IQ range) for non-normally distributed variables are shown. Significant differences between GH treated and untreated groups at baseline and between the changes observed in the groups over 6 months were tested by between-group t-test for normally distributed variables or Mann-Whitney U test for non-normally distributed variables. Significant within-group changes were tested by paired t-test for normally distributed variables or Wilcoxon sign rank matched pairs test for non-normally distributed variables. No significant differences between the groups at baseline were observed. Significant within-group changes at p<0.1 are shown as actual value superscripts in the 'change after 6 months' column. , and % subcutaneous abdominal fat (%SC ABDO). 9 growth hormone deficient (GHD) patients were studied prior to and after 6 months taking GH replacement therapy (GH treated). Nine control patients were studied at baseline and after 6 months without receiving GH replacement therapy (untreated). p-values indicate significance for between-group difference.
GH treated untreated
